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ABSTRACT

Context. Fundamental properties of interstellar clouds must be known to investigate the initial conditions of star formation within
them and the interaction of newly formed stars with their environment. Methanol has proven to be useful to probe densities and
temperatures of various environments within interstellar clouds.

Aims. We aim to explore the potential of methanol as a tracer molecule for regions in which high-mass stars are forming or have
recently formed, in particular so-called high-mass protostellar objects (HMPOs) and infrared dark clouds (IRDCs).

Methods. We present and analyse multi-frequency centimetre and (sub)millimetre single-dish observations of methanol toward a
sample of 13 sources that are in the poorly understood earliest phases of evolution of high-mass stars (HMPOs and IRDCs). For each
source in our sample, we derive physical parameters such as the kinetic temperature, the spatial density. and the methanol column
density. We apply our large velocity gradient modelling and fitting technique that involves fitting a synthetic spectrum to all the
measured lines simultaneously.

Results. In several sources, we find that more than one physical component is necessary to fit the spectra; moreover, broad non-
Gaussian linewidths suggest outflows in many sources from both the IRDC and the HMPO subsamples. Kinetic temperatures are
found to be between 10 and 60 K and spatial densities in the rafgé@m 2. Hotter, denser cores are found in a few HMPOs,
indicating that these sources already harbour hot cores heated by protostars.
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1. Introduction different and spatially separate gas components (for chemical
. . differentiation of NH and CS, see, e.g.,Tafalla et al. 2002; for
The last years have seen a major observatiofiaftelo com-  yyqen and nitrogen bearing molecules, Wyrowski et al. 1999).
pile samples of candidate high-mass protostellar objects (€@hemical diferentiation allows us to distinguish between the
Molinari et al._1996, 1998, 2000; Sridharan et al. 2002; Fau”q%ﬁferent physical components of a cloud and study them inde-
et al. 2004; Hill et al. 2005) and to study and understand the 'rg'ezndently. However, when deriving physical parameters as den-
tial phases of evolution of high-mass stars (e.g., Hatchell et gl ang temperature in a given region, it is desirable to make use
2000; van der Tak et al. 2000b; Beuther et al. 2002a,b,c; Muellgf single molecule: comparing results obtained by usiffgi
et al. 2002; Hatchell & van der Tak 2003; Williams et al. 20045 molecules may be misleading if the tracers do not co-exist.
2005; De Buizer et al. 2005). The analysis of molecular spectra Studies on slightly asymmetric rotors 480: Mundy et al
is a powerful diagnostic tool to investigate the properties of ary : \

. , ; 87; Mangum & Wootten 1993; C4#OH: Leurini et al. 2004)
interstellar cloud. Such spectra are fingerprints of a moIecuIlaerveal that these molecules can be used as diagnostic tools of
cloud and they carry information on its chemistry, and ther

fore on its history, on its physical conditions, and on its d oth parameters, since such molecules allow determinations of

namics and kinematics. Often. symmetric rotors such a N?ffiensity and often share a strong sensitivity to kinetic temperature
CHsCN, and CHCCH a.re used toy robe a cloud’s kinetic%témwith symmetric rotors. Leurini et al. (2004) discussed the tracing
S P roperties of CHOH, concluding that methanol is indeed a very

perature (Walmsley & Ungerechts 1983; Churchwell & Holli seful tracer of physical conditions in star-forming regions, since

1983), while molecules with high dipole moment, e.g., CS, ar. : e
used to determine its density (e.g., Snell et al. 1984; van der _Ijﬁfgas a very rich spectrum of transitions spread throughout all of

. centimetre, millimetre, and submillimetre spectral windows
et al. 2000b; Beuther et al. 2002a). Howevelffaedent spa- . N '
tial distributions of the tracers (caused by theiffetient chem- with energies above the ground state from zero to many hundreds

istry) may complicate the picture, as they often probe physical f K. Moreover, it is ubiquitously found in dierent regimes of
y y P P ' y P phy ar formation, from quiescent, cold (~ 10 K), dark clouds

e.g., Friberg et al. 1988; Walmsley et al. 1988), to “hot core”

: . X X . urces near high-mass (proto)stellar objects (e.g., Menten et al.
(Max-Planck-Institut fir Radioastronomie) atff&ésberg, with the o . . )
Caltech Submillimeter Observatory and with the IRAM 30 m telescop, 986, 1988) and it is associated with both dense cores and out

IRAM is supported by INSUCNRS (France), MPG (Germany), and!loWs Of shocked gas (e.g., Bachiller et al. 1995).

* Based on observations with the 100-m telescope of the MPI

IGN (Spain). Here we present methanol single-dish observations of a sam-
** Tables 7, 8 and Figs. 7 to 29 are only available in electronic forple of sources in the early stages of high-mass star formation.
http://www.aanda.org In Sect. 2 the criteria used to select the sources are presented

http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20054245
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Table 1. The sample. Table 2. Spectral line observation parameters. Observatories are
Effelsberg (H.), Pico Veleta (PV), and the Caltech Submillimter
Source RA Dec Ve d Observatory (CSO).

[92000] [J2000] kms]_[kpc] Freq. HPBW Beam éf. Telescope Av

Infrared-dark clouds [GHz] [] [km s71]

GIL11-012P1 18102840 -1922290 290 °36 “p_joichon 25 39 052 — 023
G19.30:007P1 18255850 -120359.0 260 22 i jiucyon 965 26 0.78 Y 0.97
G28.340.06P1 184250.70 -0403160 780 48 5 joucyon 67 26 0.78 pV 0.97
G33.71-0.01 185259.10+004232.0 1040 7°2 Jok_ Jok 12CHOH 157 16 0.69 by 0.60
G79.340.3P1  203221.80+40 20 00.8 01 1% S AoHOH 2412 104 052 iy 104

High-mass (proto)stellar objeéts 5‘(‘) 4‘(‘) 1ZCH30H 241'7 10'4 0'52 by 1'24
118089-1732-mm 1811515 -1731289 340 ©3.6 ¢ * ~'9 ' ' ' '
18151-1208-mm 1817580 -120726.9 ~ 330 930 /¢~ 0% CHkOM 338 214 075 €SO 0.62
118182-1433-mm 1821092 —-1431488 590 ©45 2~ L CHOH 944 266 078 PV 099
118264-1152-mm 1829146 —-115022.3 440 ¢35 Jo—J%"CHOH 156 16 069 PV 1.20
118310-0825-mm  183347.9 -0823455 844 ©49 J5—J"CHOH 255 9.9 046 PV 117
119410+2336—-mm 1943 10.9+23 44 10.0 220 290 a At 1.3 cm the beam of theffelsberg telescope is that of a 80 m tele-
120126+4104-mm  201425.9+411334.0  -4.0 1°7  SCOpe.

123139+5939—-mm 23 16 08.9+59 55 12.9 —45.0 48

2 Carey et al. (1998)° The HMPO positions correspond to the dus
continuum peaks observed by Beuther et al. (20028yntemps, priv.
comm.? Sridharan et al. (20025.Wilking et al. (1989).

hiso observed to get more reliable estimates of optical depths.
For our observations we selected:

— the J, — J; band at 25 GHz, which is sensitive to the den-
and our centimetre, millimetre, and submillimetre observations sity;
discussed. In Sect. 3 we present the model used to analyse thelo — J_1 band at 157 GHz, which traces density but, being
CH3OH data, while the results, together with a detailed descrip- a class Il CHOH maser band, gives an insight into the IR
tion of each source, are discussed in Sect. 4. radiation field;
— the & — 1k band at 96.7 GHz, which is mainly tracer of
. densities higher than 2&m and has a weak dependence
2. Observations on temperatures up to 15-20 K;
2.1. Sample selection — the &% — 4¢ band at 241.7 GHz, which mainly traces the

) density, but in théx > 2 lines is also sensitive to temperature;
The sources in our sample were selected from two databases ofthe 7, — 6, band at 338 GHz, which is sensitive to both

high-mass protostellar candidates, the infrared-dark clouds stud- kinetic temperature and density;

ied by Carey et al. (1998) and the high-mass protostellar ob- the 3, — 1, 1 = 1 and the § — 4 »; = 1 bands at 96.5
jects from Sridharan et al. (2002), to cover a wide range of what and 241.2 GHz, which are sensitive to the radiation field and
are believed to be @erent evolutionary stages of massive star- therefore to the temperature;

forming cores. The infrared-dark cloud (hereafter IRDC) posi-— the 2 — 1y, Jo — J_1, and thel; — J, 13CH3;OH series at
tions we observed stand out as (column density) peaks in the 94.4 GHz, 156 GHz, and 255 GHz, respectively.

850 um dust emission (Carey et al. 2000). For many of these,

further evidence (Pillai et al. 2006a) suggests them to be sit&a overview of the observations is given in Tables 2 and 3. The
of active star formation. For the high-mass protostellar objeg®inting of the telescopes was checked often on several point-
(hereafter HMPOs), we selected sources for which preliminaiyg sources; we consider our pointing accuracy to be within 5
observations show strong GBH emission (Sridharan et al.for the IRAM 30 m telescope and the Caltech Submillimeter
2002). The sources of the sample are listed in Table 1. A d@bservatory, and 10for the Hfelsberg 100 m telescope.

tailed description of the two subsamples and of each individual

source is given in Sect. 4.
2.3. Effelsberg 100 m telescope

2.2 Line selection The J, — J; E-band near 25 QHz was observed during win-
ter 2001 and autumn 2002 with the MPIfR 100 m telescope
The main result of Leurini etal. (2004) is that GBIH transitions  near Hfelsberg in frequency switching mode. Conversion factors
in the centimetre and millimetre spectrum are mainly densityom counts to antenna temperature are provided by the receiver
probes; however, when complete bands of lines wifedénten- group at diferent frequencies. Using the system temperature
ergies and excitation ranges are observed, the information on fheasurements, we determined the opacity during our observa-
kinetic temperature can also be recovered. Since our sourcest@gs and corrected for atmospheric absorption. Corrections for
in different evolutionary stages and cover a wide range of phystevation are taken into account using the gain elevation éurve
ical conditions, from cold dense clouds in the IRDCs to morghe flux calibration was checked with continuum measurements

evolved sources, probably harbouring hot cores (some HMPOgj,W3(OH) and NGC 7027 with an accuracy of 20%.
our observational data include bands of lines with a wide range

of excitation conditions£2—400 K). Simultaneously to the ob- ! http://www.mpifr-bonn.mpg.de/div/ effelsberg/
servations of the main isotopologU€CHsOH transitions were calibration/calib.html
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Table 3. Overview of the observations: shows detections, — non-detections, and ? tentative detections. Empty space indicates non-observations.
Observations of thel%- 62 and § — 4! **CH;OH bands (338 and 241 GHz) were performed for IRAS 18089-1732, together with-i§ and

J0 — 39, 1*CH,OH bands (94.4 and 156 GHz).

12CH,;0H 13CH;0OH

Source JS - JS 2& - 1& ZE - 1‘kJ Jg - J?l 5(k’ - 4(k’ Jg - Jg

25GHz 96.5GHz 96.7GHz 157GHz 241.7GHz 255 GHz
G11.11-0.12 P1 - + + + —
G19.30+0.07 P1 + -
G28.34+0.06 P1 - —
G33.71-0.01 - -
G79.3+0.3 P1
18089-1732
18151-1208
18182-1433
18264-1152
18310-0825 -
19410+2336
20126+4104 - -
231395939 - -

+ o+ + 4
[
A+t
+H++ A+t
A+t
I+ 1+

2.4. IRAM 30 m telescope cores, as suggested by the detection of typical hot core molecules

The IRAM 30 m telescope was used in August 2002 and Janu%{;Hg‘OCHs and HCOOCH), Leurini & Schilke 2007). Our new

2003 to observe our sample ai 96 GHz, 157 GHz and 241 GHaras) noaatssime e e 6 it e ke
inthe & — 1, Jo — J-1, and & — 4 CH3OH series. This

setup also allows the simultaneous observation of ihe2— ally excited state. Levels from the second torsionally excited
Loyor at 96.5 GHz and of the B, 1 — 4.3,_1-A ne at state (with typical energies 6f500 K above the ground state)

241.4 GHz. Nine-point maps with a spacing of evere per- are not included in the calculations because of the lack of avail-

¢ dt d h 0 the 3 b fthe t ble rates. Models of methanol class Il masers (e.g., Sobolev
ormed toward each source o cover the 5 mm beéam ot the te Deguchi 1994; Cragg et al. 2005) show that levels from the

scope with the 2 mm and 1 mm beams. The observations Wete; 1, torsionally excited states are essential to the pumping

done in the wobbler switching mode, with a throw in azimut%g; ; ; ;
, e ; these masers. We cannot estimate the errors in the calculation
byt'240t be;v;/ﬁen tr':_e OIIE arlﬂ OtFF pos\;tlolgcs:.HT%rlLave a rell?b the non-inverted level populations due to neglectingithe 2
EESImGaHe 0 elop 'Cg epd ’FhEII;A82180893 173528”33.? levels. However, given the typical energies of the= 2 levels

Z Was also observed. -or N » addiliongyy the evolutionary phase of our sources, we assume that the

data in the  — 4 CHsOH series in the first torsionally ex-jng, ence of the = 2 levels on the thermal lines in the ground

; . : i
cited state were taken with the same observing strategy as ﬁ)é : P

) ; te is negligible in our sample of sources. The new level dataset
the ground state lines, simultaneously to the2 1y, Jo — J_1 919 P

13 ; ; is shown in Fig. 1. Energies are calculated using global fit param-
CH3OH series, at 94.4 GHz and 156 GHz, respectively. F?—:gers reported in Xu & Hougen (1995).

the analysis of the IRAM data, the spectra were convolved 10 "o yiative transitions within the, = 1 state are included
the.s.patlal “?30'.““0” of the 3 mm spectra; in this way the SaME well as transitions between thhe= 1 and the ground state
emitting region is analysed when modelling th&efient bands with Einstein cofficients derived by Mekhtiev et al. (1999),.
simultaneously (see Sect. 3). Collisional rates for §,k) > 9, vy = 0, were extrapolated from
the results of Pottage et al. (2002), using the propensity rules de-
2.5. Caltech Submillimeter Observatory (CSO) rived from the (,k) < 9 rates. Collisional rate c@iécients for
CH3OH-A and £ species in the; = 1 state with He were re-
In May 2004, the CSO 10.4 m telescope on Mauna Kea, Hawaglsntly computed by Pottage et al. (2004) at 20 K. They found the
was used to observe thg 7> 6x CH3OH series at 338 GHz. ¢455 sections for the torsionally inelastic transitiofs & 1) to
However, due to very poor weather conditions, only observgg typically two orders of magnitude smaller than for torsionally
tions toward one of the sources, IRAS 18089-1732, were pPefiaic transitionsAv; = 0) and characterised by no propensity
formed. The observations were done in the wobbler switchingjes \we scaled their results for torsionally elastic collisions to
mode, with the wobbler switching in azimuth by 18Between pigher temperatures by a factdt/20)?2 (Flower, priv. comm.),
the ON and OFF positions. Flux calibration was obtained by,q assumed the torsionally inelastic collisional rates to be two

observing Uranus. orders of magnitude smaller than the rotationally inelastic tran-
sitions within they; = O state.
3. CHyOH analysis For IRAS 180891732 and IRAS 18182—1433, where we de-

tected'3CHz;OH, the'3CHz;OH data were included in the analy-
Leurini et al. (2004) investigated the diagnostic properties @fs. We used line strengths and rest frequencies from the Cologne
CH3OH over a range of physical parameters typical of higrbatabase for Molecular Spectroscopy (Miiller et al. 2601)
mass star-forming regions. However, the energy level datasgiich includes the measurements by Xu & Lovas (1997). We
they used is incomplete for energies above 100 K and dogsed a level dataset up td k) = 9 in the calculations, that has
not ensure reliable results for watimot sources. Here, we ex- an incomplete coverage in energy above 100 K (see Fig. 2). This
tend the calculations to a dataset better suited for more evolved
sources, as some HMPOs in our sample do definitely contain hct http://www.cdms. de
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Fig. 1. Energy levels for th&E—symmetry state of CEOH with an en-
ergy above the ground state of less than 700 K: in black, levels for wh
CHsOH-He collisional rates were computed by Pottage et al. (2002)
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relation between the isotopic rattéC/13C and the distance from
the Galactic centredgc) (Wilson & Rood 1994):
12¢/BC = (7.5+ 1.9) Declkpe] + (7.6 = 12.9) (1)
with Dgc = 5.1 and 4.4 kpc for IRAS 18089-1732 and
IRAS 18182-1433 (Beuther priv. comm.).

3.1. Infrared pumping

Leurini et al. (2004) did not include any external radiation fields
other than the cosmic microwave background in their analysis.
Therefore, they neglected anffect due to infrared pumping.
When zooming into the inner regions of a cloud, close to the cen-
tral massive protostars, infrared radiation fields are not negligi-
ble and competition between collisions and the IR radiation field
in the excitation of the energy levels is a known phenomenon (for
CS see Carroll & Goldsmith 1981; Hauschildt et al. 1993).

In Fig. 3a (and Fig. 7), theffect of IR pumping on the ex-
citation of CH;OH is illustrated; for the torsional ground-state
lines it is virtually impossible to distinguish between IR pump-
ing and pumping by collisions. However, a promising way to
break the degeneracy is by observations of vibrationally or tor-
sionally excited lines, as, with very high critical densities'%0
10'* cm~3) and high level energied (> 200 K), they are hardly
R pulated by collisions (Figs. 3b and 7), but trace the IR field in-

ad. Therefore, for hot sources, reliable determinations of den-
Sity and kinetic temperature are possible only when observations

were extrapolated; in light grey, = 1 levels for which collisional rates Of vt = 1 bands are available.
were computed by Pottage et al. (2004) at 20 K and which were then
extrapolated at higher temperatures.

Excitation (K)

Fig. 2. Partial energy level diagram f&tCH;OH-A. The levels involved
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3.2. The model

The large velocity gradient (LVG) method assuming spherical
geometry, in the derivation of de Jong et al. (1975), was used
for solving the radiative transfer equations. Since the only IR
radiation relevant for the excitation of the methanol transitions
we observed arises in the range 2845, exciting they; = 1
level, we cannot derive the spectral energy distribution. What
counts is the number of photons at these wavelengths, which we
parametrise as follows:

Jext = wXx J(Tg)x(L-e™)

v \8
Td, = Tdy X o
0

where J(Tq) = [exp(v/kTq) — 1]7* andw is a dilution factor.
The optical depth of the dustg, is given by a power law of
the frequencyrq, is the reference optical depth of the dust at
100um. The values g and ofrq, are taken from the literature.

Models of masers transitions from fidirent molecular
species showed that deviation from thermal equilibrium between
gas and dust may have importarffeets on the calculations
(e.g., Cesaroni & Walmsley 1991; Sobolev & Deguchi 1994).
However, we do not have enough observations to constrain the
dust temperature, and, following Kriigel & Walmsley (1984), we
assume that the gas and the dust are thermally coupled at high
density i, > 10° cm3), Tq = Tgas In this way, all the param-
eters in Eq. (2) are fixed.

Since the information we have is not enough to constrgin
we used the detection of torsionally excited lines to turn on
(w = 1 in Eg. (2)) the dust radiation field in the calcula-

)
3)

may result in erroneous level populations f8€H;OH at high tions. The torsionally excited _Iines_are clearly detected only in
temperatures. Since collisional rate fiusents are not available IRAS 18089-1732, and tentatively in IRAS 18182-1433, where
for 13CH;OH we used the cdicients for'2CH;OH. The abun- the signal-to-noise ratio is one in thé 2 1& lines and three in

dance of-*CH;OH relative to'?’CH3OH was estimated using thethe 5, — 4%,-A transition. The integrated intensities of these
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CHgOH 5, —4, v,=0 band

— — — -
40 =
30 .
=z :
S Bor ]
10 =
0 T T T T : f
2.417 10° 2.4175 10° ( )2.418 10° 2.4185 10° 2.419 10°
a
CH30H 5, —4, v,=1 band
T — T
the filled spectrum is multiplied by a factor 10 1
10 ~ -
g 4
" J
=
B 5 L i
1 N AL LA Jal l
0 s 1 L 1 L L 1 1 L

2.41 10° 2.411 10° 2.412 10(5b) 2.413 10° 2.414 10° 2.415 10°

Fig. 3. a) (Top) andb) (bottom) illustrate how excitation by IR vibrational pumping mimics tHeeet of collisions in populating the = 0 CH;OH

levels. In grey, synthetic spectra are shown for which pure collisional pumpiirt)(= 10° cm™3, Nenorn-e = Newon-a = 101 cmi?, no

radiation field) is populating the = 0 levelsa) and they, = 1 levelsb); the black line shows the synthetic spectra for the same levels when only
the IR radiation field is pumping the system(H,) = 10° cmi 3, radiation field given by a grey-body @ = 190 K). The synthetic spectra are
computed with a source size of,1a resolution that can be reached by an interferometer with a baseline of 300 m. While the ground-state spectra
are virtually indistinguishable, the = 1 spectra show how iffiéciently the pure collisional pumping excites the torsionally excited levels. The
synthetic spectrum for thg = 1 band shows very low line intensities (multiplied by a factor of 10 in the plot) when pure collisional pumping is
used. Similar results are presented for other bands as on-line material (Fig. 7).

transitions are reported in Table 8. The dust radiation field &3. Analysis technique
used only for the level populations of the hottest component of

these sources. In all other sources, no dust radiation field is usque fitting procedure used to analyse the data is described by

(w = 0). Leurini et al. (2004) and it is based on the simultaneous fit of
all the measured lines with a synthetic spectrum computed using
This treatment was chosen for reasons of simplicity, as thiee model in Sect. 3.2. The best fit is then obtained by minimiz-
dust radiation field is not constrained enough to warrant amyg the y? between the data and the model spectrum with the
more sophisticated modelling (e.g., Deguchi 1981) that takésvenberg-Marquardt method (Press et al. 1992). All channels
into account absorption of line photons by the dust. We are awasere methanol can emit are included in the fit, even if the tran-
that the treatment of the IR field is quite simplistic; however it isitions are not detected. For the sake of simplicity, we make the
probably not more inaccurate than the treatment of the gas cassumption that the source can be reasonably well approximated
sisting of components of homogeneous temperature and dengiyya small number of non-interacting components, i.e., the line
(see Sect. 3.3). Still, we feel that we are able to determine the @gensities add up taking into account local line overlap from
sential features of the sources. A model trying to explain the othe diferent components (see Eg. (13) in Cesaroni & Walmsley
servations of the various stages using a realistic source struct®1; and Eq. (3) in Leurini et al. 2004). No density or temper-
and a better treatment of the radiation field is highly desirablature profiles are used, but each component is represented by a
and we plan to take this step in the future. spherical cloud of uniform physical conditions. However, these
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‘ be poorly constrained. While a more detailed model would be
better suited to the analysis of a single source, it would be ex-
tremely time-consuming and prohibitive for a large sample of
sources. Our technique allows investigation of the parameter
] space, checking whether the found solution is global or local.
It also allows error estimates for the derived parameters (see dis-
. cussion in Sect. 3.5), while most published studies (Monte Carlo,
Accelerated Lambda Iteration) employ a trial and error compar-
ison of the fits to data.

59— 49—A
—dz=f

Ty (K)

e 6_—4_—F
= B4, AT
5,4 ,—F
e 5,~4,—

A
B=
B4

B R, 24185 10° The free parameters in the fit are the kinetic temperature, the
(@) density of the gas, and the GBH-E and -A column densities.
‘ Linewidths and velocities are given as input and are fixed pa-
- al ow ow rameters in the fit. They are derived by fitting a Gaussian profile
or ¥ T o7 to the transitions not blended with other lines. Because of the

degeneracies with column density (in the optically thin case) or
temperature (in the optically thick case) no formal fitting of the
source size was performed. The sizes were determined either by
direct interferometric and dust continuum measurements, or by
our own data.
For the warmest sources of the sample, lines are expected to
o s ——— be optically thick, at least in the lower excitation transitions. By
Rt(g)qy (aatz) ' fitting optically thick lines, the derived physical parameters are
the ones at the surface where the gas becomes opaque, while op
tically thin lines reflect the conditions in an inner region in the
source. Whert®CH;OH andor 12CH;0H o; = 1 lines are ob-
served, results obtained by fitting these transitions are more rele-
vant to the source interiors than results derived from the analysis
] of optically thick lines alone.
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3.4. Maser activity
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e T W Although in several sources of our sample class Jandass Il
R ey ) aaie0 10° masers are detected, these transitions are not included in the fol-
(c) lowing x? analysis. The model predictions for these lines are

‘ shown in Figs. 9—29 for comparisons with the observations. To
" properly model the maser intensities, beaming and the ampli-
b fication of background photons have to be taken into account.
Therefore, our analysis is not tailored for explaining 40H
1 maser data, which have been intensively studied by other authors
(e.g., Sobolev & Deguchi 1994; Sobolev et al. 1997; Cragg et al.
2005), and we refer to these studies for an analysis of the physi-
cal properties of maser spots.
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To investigate whether the solution is local or global and to es-
Fig.4. In grey, the observed spectrum towards IRAS 18264-1152 ttiﬂate the uncertainty of each fitted parameter, an analysis of
1 mm @), b), ¢), d)) is shown; overlaid in black, the contribution to thethe y? distribution as function of the ffierent free parameters
total emission from componentd) , 2 b), component &) of Table 4, is desirable. This implies working in&:N.-D space, where the
and their sund). sum is over the components ah is the number of free pa-

rameters of component For most of our sources, the variation

of one parameter in one component could be compensated by
different components most likely represent nested layers of tblganging another, as column density, temperature, and source
density and temperature source structure, rather than spatiaiige are correlated. Investigating the distribution ofgtf@round
distinct regions. In Fig. 4 the contribution of each component tthe minimum, for dependent parameters, is achieved by varying
the total emission is shown for the 1 mm band, for IRAS 18264each parameter in an interval that is reasonably close to the min-
1152. imum and re-optimizing the remaining free parameters. This re-

A more detailed model of the sources, including density arfi#lts in a very time-consuming procedure when done on such a

temperature distributions, would be desirable (for a compilatidarge number of sources and has the additional problem of visu-
of different methods, see van Zadethet al. 2002). On the alising the results, since, for models with three components, this
other hand, little detailed information on the sources of our sarfequires working in a 12-D hypercube.
ple exists and almost no high (i.e., arcsec) resolution data are Another way to estimate the uncertainty on the fitted param-
available. Therefore any assumption on the morphology wouéders, accounting for the noise in the spectra, is the Monte Carlo
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error analysis (Lampton et al. 1976), where the fitting method is
run over synthetic spectra obtained by adding a random Gaussian
noise of standard deviation equal to the original data error to the
best-fit spectrum and repeating for a high number of interactions. w | .
The uncertainty on the fitted parameters were computed by using
the Monte Carlo error analysis, as this method is the only man-
ageable one in terms of computing time. The results are listed in
Table 5.

All transitions are included in the analysis, even in case of
non detection. All channels within» Av kms™ from the rest
frequency of each transition are included in this analysis. This is 0 E
an arbitrary number, but, since emission at the edge of this range IS p oy o
is lost in the noise, it mayfBect our results only by overesti- (a)T“‘“ ta
mating the uncertainties in the parameters. Uncertainties in the
source sizes and in the velocities are not taken into account.

For two sources of the sample, IRAS 18089-1732 and
IRAS 18264-1152, we are not able to derive errors for the pa-

rameters using the Monte Carlo method, as the computing time ' |

n(Hy) [em™]
/

is prohibitive due to the high number of observed transitions. b
However, in Fig. 5 we show cuts in thé along the T, n], [T, N],

and |n, N] planes for the outer component in IRAS 18089-1732
(component 1 in Table 4), obtained by keeping fixed all the other
parameters to the value in Table 4. No meaningful constraints for
the parameters can be derived from this analysis, as the true con-
fidence regions in a plane should be computed by projecting the
N-dimensional regions in the plane of interest. However, these 10 20
figures show that the? distribution is, at least in these planes, a
well-behaved function, with only one minimum. The same plots,
for the other two components, are shown in the on-line material
(Fig. 8). For the other two components, the gas is thermalised
and no upper limits to the density are derived (Figs. 8a,d).

N(CHz0H) [em™%]

30
Tuin [K]

4. Model results

N(CH30H) [em ]

In the following sections, our model results are discussed within
the context of the known properties of each source. In Table 4 the
derived physical parameters are listed. {CHH abundances are
given for each component as a sum of the two symmetry states,
A andE; H, column densities are derived from the densities ob-

15

tained with the LVG analysis, assuming spherical geometries. In 7 R i

Table 5, the 3 range for our estimates @f, n(H2), N(CHzOH- (c)

A), andN(CH3OH-E) are given. The synthetic spectra overlaid

on the data are shown in Figs. 9—29. Fig. 5. They? distribution for IRAS 18089-1732 in th@[n] a), [T, N]

b), [n,N] ¢), planes for the component 1 in Table 4, with all other pa-
rameters fixed to the parameters given in Table 4. Tlhe@nfidence
4.1. Infrared-dark clouds region lies between the dashed contours.

The IRDCs are a population of several thousand molecular

clouds that were identified by their mid-infrared extinction in ) . o
ISOGAL (Perault et al. 1996) and MSX (Midcourse Spac¥e observed, which correspond to the submillimetre emission
Experiment) images (Egan et al. 1998). Egan et al. (1998) copeaks detected by Carey et al. (2000), as IRDCs.

cluded that IRDCs have visual extinctions higher than hundred

magnitudes indicating very large column densities of cold dust.q 1 G11.11-0.12 P1

Centimetre- and (sub)millimetre line observations reveal typi-

cal temperatures 6f < 20 K and densitiesi(H,) > 10° cm™  G11.11-0.12 is a filamentary cloud, as revealed by then8
(Carey et al. 2000; Pillai et al. 2006a). Submillimetre continMSX extinction map by Carey et al. (1998), continuum obser-
uum observations suggest that high-mass star formation mayJagions at 85qum (Carey et al. 2000), and NHmaps (Pillai
occurring in some regions within IRDCs (Carey et al. 2000t al. 2006a) From the analysis of the submillimetre continuum,
Based on their NKI(1, 1) and (2, 2) observations and given th&Carey et al. (2000) derive a dust temperature of the brightest sub-
existence of methanol masers, Pillai et al. (2006a) come to timllimetre peak ranging between 25 and 43 K, depending on the
same conclusion. Moreover, some sources exhibit non-Gausssaectral index used for modelling the dust emissivity, and a to-
line profiles in several molecular species,0O, see Carey et al. tal mass between 67 and 150,. Detection of the NH (3, 3)
1998; HCO, see Redman et al. 2003), which could be explainddansition reveals a higher temperature component (Pillai et al.
by infall (Redman et al. 2003) or (in the cases of wide wingg)006b). Recently, Pillai et al. (2006b) reported the discovery of
outflows. In the following discussion, we refer to the positionmaser action in the;5— 6o-A* CHzOH transition at 6.7 GHz
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Table 4. CH3;OH model results. In Col. 1, out refers to “outflow”, ex to “extended”, and core to the “inner” component.

Av Ulsr Tk n(Hy) N(CH3;OH-A) N(CH3;0H-E) Source size  [CBOH]/[H2] de
(kmsh) (kms') (K) (cm™) (cm™) (cm) ()

G11.11-0.12P1 2.2
1 comp. (ex) 4, 30.0 180 XxuC 2x10% 3x10“ 22 4 x107°
2 comp. (core) 4.7 29.8 47.0 140 1.2x10% 9.6x10% 2.0 1x10”7
G19.36+0.07 P1 2.1
1 comp. (out) 15.0 23.8 11 X1 2.7x10% 2.7x10% 12.5 1x10°7
2 comp. (core) 45 26.7 59.3 X&C( 1x10'° 1x10' 6.0 7x107
G28.34+0.06 P1 4.9
1 comp. (ex) 2 79.0 29 810 2.4x104 2.2x10% 19 6x107°
2 comp.(out) 9 80.8 23 3510 1.5x10% 1.5x10% 13 9x108
3 comp. (core) 3.6 79.9 35 610 1.5x10% 1.5x10% 8 9x10°
G33.71-0.01 4.8
1 comp. (out) 70 1055 124 580 53x104  5.3x104 19 9x10°°
2 comp. (ex) 4.0 105.5 33 7410 1.2x10% 8.2x10" 11 2x10°°
G79.34-0.3P1 1.4
1 comp. (ex) 2.0 05 17.2 x10 7.8x10'% 7.6x10' 32.0 1x10°°
18089-1732 2.2
1 comp. (ex) 4.0 32.9 218 280 4.3x10'° 3.7x10% 8.5 6x10°
2 comp. (core) 3.1 32.7 45 70 4.1x10v 3.1x10Y 1.7 1x1077
3 comp. (core) 4.6 327 300 140 9.0x10Y 9.0x10Y 0.5 5x1077
18151-1208 1.9
1 comp.(ex) 3.5 343 29 2410 2.8x104  2.5x104 20.0 2x10°10
18182-1433 1.7
1 comp. (out) 9.0 60.1 18 3%10 2.7x10% 2.7x10% 24 1x10°°
2 comp. (ex) 2.8 60.1 287 140 8 x10t 8 x10* 13.#4 1x10°
3 comp. (core) 4.7 509 623 2440 6.8x10'° 6.8x10' 3.0 2x107
18264-1152 2.3
1 comp. (out) 8.0 44.6 23 2010 9.9x10% 8 x10% 17 7 x10°°
2 comp. (ex) 25 43.7 50 6510 3.2x10% 3.2x10% 9 2x10°8
3 comp. (core) 5.0 43.7 90 2810 1.3x10'% 1.3x10'% 42 5x10°8
18310-0825 2.0
1 comp. (ex) 2.4 842 16.6 180 2.7x10% 2.2x104 18.5 2x107°
19410+2336 3.4
1 comp. (ex) 3.0 229 186 1710 4.6x104  4.0x101 20.0 9x10°°
2 comp. (core) 3.0 22.0 528 540 4.7x10% 4.7 x10% 5.0 1x10°8
20126+4104 14
1 comp. (ex) 4.4 —26 364 1710 25x104  2.4x104 15.¢° 7 x10°20
2 comp. (core) 6.0 -3.0 778 1240 2.0x10Y 1.9x10Y 1.z 6 x1077
23139+5939 2.7
1 comp. (out) 9.0 —44.7 16 A10 2.5x10% 2.8x10% 19.9 2x10°
2 comp. (ex) 4.0 -46.2 30 7410 2.4x101% 2.2x101 8 2x10°8

2 \Wyrowski, unpublished dat4.Based on (Beuther et al. 2002a), adjusted to fit the dalasaroni et al. (1997) identified an extended region of
15" and detected a hot core of source size less thdah 1.3

toward the dust submm continuum peak. Our{CHH observa- emission arises. Alternatively, a hotter component with a small
tions show non-Gaussian profiles in the 2 1x and &% — 4¢ size could be not detectable due to beam dilution.

k = 0,-1lines. Atwo component model was used to fit the data,

one component for the wings emission and one for the core. The

first component has a size of 22nd “average” IRDC prop- 4.1.2. G19.30+0.07 P1

erties, with regard td'x andn. The second one, of"2size, is ) . . o
warmer and denser. These results are in agreement with the Nipe analysis of the submillimetre continuum emission at
analysis from Pillai et al. (2006b), who fitted the single dishqNHG19.30+0.07 P1 leads to dust temperatures between 14 and 25 K
spectrum with two components, one with source siz& agd and masses in the range 33-#3; estimates of gas temperature
Tin = 154 K, the other withs = 3.3” and Ty, = 60 K. The and density were done by Pillai et al. (2006a) from Netata
methanol abundance is enhanced in the compact, hotter com@gd by Leurini et al. (2004) from C£OH. The former found a
nent by two orders of magnitude over typical dark cloud corkinetic temperature of 18 K, which is probably a lower limit
ditions (Xcron ~ 107°-10°° Friberg et al. 1988; Walmsley @s only the (1, 1) and (2, 2) lines were analysed. The previ-
et al. 1988). For this second component, we find a tempe@{s calibration of the 2 mm and 1 mm spectra presented by
ture and density below typical class Il GBH maser conditions. Leurini et al. (2004) was not correct. Our new analysis of the
However, analysing our nine point map of the source, the emi&-calibrated data is performed with two components, one for the
sion peak is fiset from the central position, which suggests w80n-Gaussian wings, the other for the main emission. In our pre-

are missing the denser, hotter component from which the ma¥éQus analysis, the red wing of the 56— 4_;-E line was not in-
cluded, as emission in the HNCO gk — 10y 10 transition could
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Table 5. CH3;OH model results: @ range. In Col. 1, out refers to “outflow”, ex to “extended”, and core to the “inner” component.

Source Tk n(Hz) N(CHgoH-A) N(CH3OH-E)
(K) (cm™) (cm) (cm™)

G11.11-0.12

1 comp.(ex) 16-19  B10*—1x10P 8x1083-6x 104 1x104-x10'

2 comp.(core) 38-54  MICP-2x10° 9.8x10%-1.5¢10'®  8.0x10'-1.1x10'

G19.36+0.07 P1

1 comp.(out) 7-13 6010-1.210° 2.4x10-2.8x10° 2.4x10%-2.710%

2 comp.(core) 55-63 1dA0-3.6x10°  9.4x10%-1.0x10%®  9.6x10%-1.0x10°

G28.34-0.06

1 comp.(ex) 26-31 B10*-7x10* 1.9x10-2.6x10%  1.5x10"-2.5¢10

2 comp.(ex) 21-25 210-5.0x10* 1.3x10%-1.5¢10"  1.3x10'-1.5¢10°

3 comp.(core) 33-40 BO-7x1C° 1.3x10'%-1.5¢10'°  1.3x10'°-2.6x10'°

G33.71-0.01

1 comp.(out) 11-13  3:A410-6.3x10* 4.2x10'*-5.4x10* 4.1x10*-5.2¢<10*

2 comp.(ex) 29-36 6X10P-8.2x10°  1.0x10%-1.2¢<10"  7.0x10“-8.5¢10™

G79.340.3P1

1 comp.(ex) 16-19 1HIC-2.1x10°  9.8x108%-1.5¢10%  9.4x101-1.4x10M

18151-1208

1 comp.(ex) 24-33 1010-2.7%10° 2.0x10%-2.8<10"  1.9x10“-2.6x10%

18182-1433

1 comp.(out) 15-22  2610-4x10°  2x104-3x10“ 2x104-3x 104

2 comp.(ex) 26-32 ALP-2x10F  6.7x104-0x10%  7x10“-9x10M

3 comp.(core) 58-63 >0-5x 1C¢° 6x1016—7x10'® 6x10'°-7x 106

18310-0825

1 comp.(ex) 13-20 1810-2.1x1¢°  1.9x10-3.4x10*  1.6x10"-3x10"

19410+2336

1 comp.(ex) 13-20 L1210-2.2<10°  3.4x10-4.%10* 2.8x10*—4.2¢<10*

2 comp.(core) 39-53 430-5.1x10° 4.6x10°-5.4<10"° 4.6x10°-5.4¢x10°

20126+4104

1 comp.(ex) 29-42  ALC-2x10° 1.7x10-2.6<10"  1.6x10"-2.6¢x10"

2 comp.(core) 74-81  XA10-2x10 1.8x107-2.1x10"  1.7x10-2x10Y

23139+5939

1 comp.(out) 13-18 6610-1.1x10°  1.8x10"-2.8x10*  1.8x10%-2. 7104

2 comp.(ex) 27-33 6BL0-7.8x10°  2.1x10%-2.5¢101%  1.9x101-2.2x10'°
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blend with the CHOH profile. However, similar non-GaussianNH3 (1, 1) and (2, 2), which, however, trace only the cooler gas.
profiles are found in all th& = 0, -1 lines, at 3 mm and 2 mm. Spatial densities are typical of IRDCs.

We believe that it is more reasonable to assign the 1 mm profiles

to a broader component with a width of 15 kmtsshifted in ve-
locity by —2.5 km s with respect to the main emission, rathef-1-4. G33.71-0.01

than invoking the presence of HNCO emission. The first compegs33 71-0.01 was mapped in NH1, 1) and (2, 2) by Pillai
nent has typical physical conditions for IR_DC_s, while the kinetig; 5. (2006a); they derived a kinetic temperature 21 K. The
temperature derived for the second one is higher than expeciggihanol spectrum toward the source is characterised by weak
for this population of sources. The methanol abundance relatiM§n-Gaussian wings at 3 mm and 1 mm, in khe 0, -1 lines.

to H, is in both cases higher than typical dark cloud values.  Ng highly excited lines are detected in any band. The modelling
of the source was performed with two components, one to model
the wings and the other for the bulk emission. The derived phys-
ical parameters are typical of infrared dark clouds, even if the
temperatures are slightly higher that values from the;Nkidy

G28.34-0.06 P1 is one of the three dust subcores in the IRDEIIai et al. (2006a). This, however, could reflect the fact that the
G28.34+0.06. It has a kinetic temperature-e£6.6 K as derived (1, 1) and (2, 2) ammonialines are not sensitive to the warm gas.
fromthe NH; (1, 1) and (2, 2) inversion lines (Pillai et al. 2006a).

The submillimetre continuum data lead to a dust temperature bey 5 579.3+0.3 p1

tween 17 and 34 K, depending on the spectral index used for

modelling the dust emissivity, and a total mass between 120 aBd@9.3+0.3 P1 belongs to the larger infrared dark cloud
400 M, (Carey et al. 2000). Methanol emission is strong in al579.34+0.33. This region shows several signposts of star forma-
the millimetre bands observed, but highly excited lines are ntibn activity, with the Hr region DR 15 lying behind it and with
detected. Non-Gaussian wings are detected in the-5 4_;-E  spots of warm dust emission between thiéedtlent sub-cores. P1
and 5 — 4p-A at 1 mm. We model the source with three comis the most prominent condensation of the region; Gemini mid-
ponents. The first, cold, extended, and not very dense, is maiitijrared observations by Redman et al. (2003) reveal three YSOs
responsible for the Gaussian emission at 3 mm; the second evithin the cloud and BIMA 3 mm data suggest that the bright-
produces the emission in the wings, the third the bulk emissiosst of these is a Herbig ARe star. Interaction with the IRDC
The derived temperatures are higher than what inferred frosiexpected and probably responsible for blue wings seen in the

4.1.3. G28.34+0.06 P1
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HCO*. BIMA observations at 96 GHz (Wyrowski, Priv. Comm.)complex sources. IRAS 18089 is an example of such a complex
show that CHOH does not peak at the continuum position foundource, where several = 0 lines of the main isotopologue are

in the SCUBA data (Carey et al. 2000), but igset by~—35" in  optically thick. Constraints on the kinetic temperature comes
declination. Since this information was not available at the timfeom thev; = 1 lines. At high column densities, the — J;-

our observations were performed, our data were taken toward thdines mase in a broad range of densities, but their intensi-
SCUBA peak position. The source does show a simplg@H ties decrease at high density £ 10’ cm™3) and high temper-
spectrum, with detections only in the lower excitation lines. Linature [Tk > 180 K). The non detection of maser activity in the
profiles are Gaussian, with narrow linewidths (~ 2 kms™), J, — J;-E band constrains these parameters to high values.
which may indicate that the source is not very massive. A single The physical parameters of component 3 are typical of hot
component model was used for the source. Physical parameigifes, while the other two components have mean HMPOs val-
are typical of infrared dark clouds. ues. A jump from the extended to the compact component is
seen in the abundances derived for methanol. This reflects the
increase in their gas temperatures and could be explained by
thermal evaporation of the ice mantles of grains (e.g., Menten
The sources in the HMOPs subsample belong to a largeral. 1988; van der Tak et al. 2000a).

dataset of HMPOs studied in detail over the recent years by

Sridharan et al. (2002) and Beuther et al. (2002a,b,c), in radio

and millimetre-wavelength continuum emission, and in severaf?-2- IRAS 18151-1208

molecular tracers. The sources, which were selected, amongsh qust continuum map at 1.3 mm of IRAS 181511208 (
other criteria, to be bright at mid- and far-infrared wavelengths.3 L) reveals three massive cores, with masses ranging from

4.2. High-mass protostellar objects

and not associated with any evolved region, have: ~30M, to ~550M, (Beuther et al. 2005a). G¥OH maser emis-
— bolometric luminosities between 3®and 16° L; sion is associated with core 1, which is the sub-source we se-
— average kinetic temperature of 20 K (fromthe B, 1) and lected for our analysis. At least two separate outflows are seenin
(2, 2) lines); CO and H (Davis et al. 2004), with a high degree of collimation.
— average density of facm3. The CHOH spectrum toward the source is rather simple

with no highly excited lines indicating any hot component.
owever, thek = +2 +3 lines in the 3 — 4 band, with a
er level energy in the-60-70 K range, are detected. The
_1 — 4_3-E line at 1.3 mm shows a non-Gaussian profile with a
lue-shifted wing. However, no deviations from a Gaussian line
profile are seen in theg5— 49-A, which has similar excitation
conditions as th& = —1-E line. Overlap with the HNCO (11-
4.2.1. IRAS 18089-1732 10) series Ejow ~ 58 K) could lead to the same profile in the
k = —1-E line. Therefore, no componentis used in the model for
' the outflow. The best-fit model, overlaid on the data, is shown
4n Figs. 18a—c. Our model gives typical HMPO physical param-

2005a), IRAS 18089-1732 shows several signposts of inten&%r& which are well below typical class Il GBH maser con-

high-mass star formation activity, e.g.,8 and CHOH maser diti o ;
L . ditions. As for G11.11, beam dilution can be responsible for the
emission (Beuther et al. 2002¢) and outflows detectedfiiardli nPn—detection of a hotter small component.

ent molecular tracers (Beuther et al. 2004b). A velocity gradien
across the core is found in the HCOOg#hta that Beuther et al.
(20044, 2005b) interpret as originating from a rotating disk. 4.2.3. IRAS 18182—1433

Our CH;OH analysis uses three components along the line
of sight. From our 30 m data, we found extended emission in tHé1e bolometric luminosity and mass of IRAS 18182—-1433(
less excited transitions, whose source size is used for the outét® Lo, M ~ 1500My), together with the detection of complex
component in the model. High resolution data (Wyrowski, Privnolecules like CHCN, CHOCH;z (Leurini & Schilke 2007),
Comm.; Beuther et al. 2004b) reveal an extended component @tggest that this source is undergoing hot core formation or al-
4" depending on the transition), which in our model is mainly receady hosts a not very massive hot core. Williams et al. (2004,
sponsible for the emission in the 25 GHz lines and®@H;OH. 2005) modelled the continuum emission combining informa-
Moreover, the detection of several high excited lines in our datéon at diferent frequencies from MAMBO, SCUBA, and IRAS
and by other authors (Beuther et al. 2004b, 2002a), and the re¢&@servations, and found that a dust opacity index of 1.6 and
tively narrow linewidths compared, for example, with Orion-KL7100,m = 5 fit the data well. Recently, Beuther et al. (2006)
(Schilke et al. 1997) suggest hot core formation in the interideund one single-peaked source in 1.3 mm continuum data (at a
of the source. BIMA observations of the GEN 6 — 5 band resolution of~4"), associated with hot(150 K) CH;CN emis-
(Wyrowski, priv. comm.) show an unresolved, compact emission, while VLA observations (Zapata et al. 2006) resolve three
sion, suggesting a hot, optically thick component whose sourgemponents. Henkel et al. (1985) fouhtC/**C < 50 in the
size and temperature are constrained by the luminosity of the dbner galactic disk. One of their sources (G19.6-0.2, see their
ject to around ®”. Parameters for the external radiation fieldTables 1 and 2) is close to IRAS 18182-1433 and has a similar
used only for the compact component with a source size5sf,0 Vvelocity. Therefore, in our model, we used the value they found,
are taken from a fit of the continuum data at 1.2 mm (MAMBOJC/**C = 41.
and 2.7 mm (BIMA) and are equal to a dust opacity index of 1.8 The CHOH spectrum shows Gaussian-like profiles with
andripo,m = 1 (Wyrowski, priv. comm.). red and blue-shifted wings in the = -1, 0 lines, probably

In Sect. 3, we discussed how the higher excitation lines amadsociated with the outflow detected in CO by Beuther et al.
the 13CH3OH lines can be used as a more reliable probe in h@2002b). Highly excited lines are detected in the ground state

Recent continuum observations of the sample at @50and
450 um (Williams et al. 2004) reveal that the dust emissivit
spectral index toward these sources is significantly lower th
toward UCHI regions (mean values of 0.9 versus 2.0, William
et al. 2004; Hunter 1997).

With a bolometric luminosity of 16° L, and a massive core
M > 1000 M, (Sridharan et al. 2002; Beuther et al. 2002



S. Leurini et al.: Methanol as a diagnostic tool of interstellar clouds. II. 225

(54 = 44-A E, Eow ~ 100 K), and tentatively in the first tor- Table 6. Mean properties and standard deviations of IRDCs and
sionally excited level. Three components were used to modéMPOs.
the source: one for the outflow, one for the main core, and ane

for the hotter emission. A jump is found in the methanol abun- Av Tk n(Hz) Linear size
dances derived for the three components, from values typical of kms?] [K] [em 7] [pc]
dark clouds to hot core values. IRDCs
Extended comp. 21 24+7 3x10+210F 02+0.06
Outflow? fl0+3 15+5 6x10°+2x10* 02=+01
Core 43+05 47+9 9x1P +6x10P 0.05+0.01
4.2.4. IRAS 18264-1152 IRAS 18310-0825
Extended comp. 2.4 17 290 0.2

IRAS 18264-11521( ~ 10* L,) shows several indicators ofHpmpPOs

high-mass star formation. CO observations reveal a massiv@ended comp. 8+0.7 31+9 1x10+8x10F 0.1+0.03
outflow (Beuther et al. 2002b) centred on the mm dust peabtflon’ 87+05 19+3 2x1P+1x10°F 0.2+0.05
both CHOH and HO maser spots are observed (Beuther et &lore 44+11 100+80 3x10+10° 0.02+001
2002c). Detection of CECN (Sridharan et al. 2002) may indi- Components withho > 7 km s,

cate hot core formation going on in the source. Interferometric
cm observations (Zapata et al. 2006) resolve three components.

The emission is strong in almost all millimetre lines; how-
ever, no torsionally excited transitions are detected. Blue nop-
Gaussian wings are detected in the 0, -1 lines. Maser emis- B2.7. IRAS 20126+4104

sion is found 2 km s' away from the system velocity of the |RAg 201264104 (_ ~ 10* L) was studied in great detail over
source in the centimetre band in the — Ji lines J = 5,6,7), the |ast years (e.g., Cesaroni et al. 1997, 1999: Sridharan et al.
together with broader sub-thermal emission at the system velogyosh: | ebrén et al. 2006: De Buizer 2007) affelient angu-
ity. Since no other methanol emission is found at that velocit) . 1asolutions. Cesaroni et al. (1997, 1999) identified an ex-
we do not use any component to model the spectrum at this \gp e region, 15” in size, with single dish observations, while,
locity. Three components are used to model the;OH spectra: 5 higher spatial resolution, they were able to resolve the inner
one for the non-Gaussian emission, a second one for the bylley ¢ 3 pipolar outflow and detect a hot core at the centre of
emission in the less excited lines, and a third one for the high Y with temperature-200 K and mass-10 M. They also de-
excited lines. tected a probable Keplerian disk, around a central object with
mass~7 My (Cesaroni et al. 2005). Recently, mid- and near-
infrared observations (Sridharan et al. 2005b; De Buizer 2007)
4.2.5. IRAS 18310-0825 showed that the infrared emission is not of a simple compact
source. Methanol thermal emission is associated with both the
The 1.2 mm continuum emission of IRAS 18310-0825 reextended source and the hot core.
veals several cores Withﬁrent properties (Walsh et al. 1998, The CHOH spectrum toward this source is strong in all the
Beuther et al. 2002a; Sridharan et al. 2005a). We observed Hgserved transitions, but there is no evidence for emission in the
main millimetre condensation of Beuther et al. (2002a), whicfysionally excited lines. However, lines from only a few, very
has a mass of several solar massdg,(~ 8000Mo, Mnear ~ highly excited levels are in the band we observed and we did
2000M). Our CHOH spectra show emission only in lower €xyot perform any observations on thosver excitation lines in the
citation lines in each band. Non-Gaussian wings are tentativgly— 1 pand, which were detected by Cesaroni et al. (2005) with
detected in the 3 mm lines. Therefore, we modelled all the lingse pgBI. Given the evolved stage of the source, we interpret
with only one component along the line of sight. the features on the red-wing of the;5— 4_;-E line as being
due to the HNCO(1d411—10y.10) transition and not to methanol.
Our model takes into account two components: one for the bulk
4.2.6. IRAS 19410+2336 emission and one for the hot core.

IRAS 19410-2336 (~10* L,) shows HO and CHOH maser

emission at the very centre of the core, where a weak cm contfh2-8. IRAS 23139+5939
uum source is also detected. Beuther et al. (2002c) interpreted |t 1.4 Co

as optically thin free-free emission and suggested that a recenffy > 231395939 L~ 10" Lo) was studied in dierent

I . P lecular tracers and in the continuum (Sridharan et al. 2002;
ignited, not very evolved massive object is at the cluster centte. ’
High spatial resolution observations (Beuther & Schilke 2004€Uther et al. 2002a,b). Wouterloot et al. (1988) mapped the

reveal 12 small clusters in the 1.3 mm continuum, each donffioud in NH (1, 1) and (2, 2) lines and reported a temperature of
nated by a massive source and surrounded by a cluster of | §ﬁ< CO observations reveal a bipolar outflow (Wouterloot et al.

massive sources. CO interferometric data resolve at least sevéf: Shepherd & Churchwell 1996). Beuther et al. (2002c) re-
bipolar outflows. ported several 5D masers spots associated with the mm dust

continuum peak, but no C4#OH maser emission. Our obser-

The CHOH spectra do not show any torsionally excitediations reveal a methanol millimetre spectrum characterised by
transitions. However, all the lines in the 5~ 4 are clearly broad non-Gaussian emission in the= 0, -1 lines; no highly
detected. Therefore, we use a model with two components, cexcited transitions are detected. Therefore, we analysed the
for the bulk emission and a second one responsible for the emssurce with a two-component model, one for the non-Gaussian
sion in the higher excitation lines and in the — J; — E band. emission and a second for the bulk emission. Temperatures and
Line profiles are well represented by a Gaussian shape. spatial densities are typical of HMPOs.
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5. Discussion but do not include the infrared pumping in their analysis. Carroll

) _ o & Goldsmith (1981) showed that thigfect is not negligible
The physical properties of our sample are summarisedin Tablg§s CS for infrared source temperatured25 K. Moreover,
where the mean values of the kinetic temperature, density, agghilke et al. (2001) noted that diatomic molecules like CS are
linear size are listed together with the standard deviations. Froyg; pure density tracers, but they probe the pressure of the gas,
our analysis on the methanol spectra towards the IRDC sub-—" . T, On the other hand, once the radiative pumping vs.
sample of sources, we often found indications of compact corggjiisions degeneracy is solved by observing torsionally excited
(~0.05 pc) and extended clumps(.2 pc). Broad non-Gaussian jines, CH,OH transitions are often pure density tracers. Besides
emission may indicate outflows. The physical parameters dggis CH,OH does not trace only warm, dense gas, as CS, but

rived for the extended components are typical of infrared dag{so cold dense gas, where the upper levels of linear rotors are
clouds, with densities ranging betweer 0% and 8< 10°cm™ ot excited.

and kinetic temperatures in the range 18-33 K. In many cases,

methanol abundances are higher than dark cloud values, up to Figure 6a shows our derived densities versus the kinetic tem-
~1078. For the outflow components, the abundances are high, pgratures. Each physical component from our fit is plotted sep-
to 1077, but these could be upper limits since we assumed sphetately. The density is shown to increase with the kinetic tem-
cal geometry in the calculations. Higher temperatures (35-60 Rgrature of the gas and our results are not in disagreement with
are found in the compact cores, which show typical IRDC demlensity profilesi(Hz) ~ R, with a = 2 (spherically symmetric
sities (2x 10°—2x10° cm3). Methanol abundances cover a widelumps), 1.5 (e.g., Hatchell et al. 2001; Williams et al. 2005).
range of values, from typical dark cloud abundaneekd(®) to  The curves in Fig. 6a, obtained by usimg NinnerXx (#ﬂer)—a and
higher values (10/). That IRDCs harbour sites of active star temperature profile 6F = Tinner X (%)—0'4, and solving by
formation is now established by several authors (e.g., Teyssi¢ ; . . 1\

etal. 2002; Rathborne et al. 2006). For the sources in oursamé%'[nple variable substitution (and dividing Bner X (7,.2)0%),
maser action in the 22 GHz water line and in 6.7 GHzCH are not fits to the data. They are used for illustration of the pre-

transition was reported by Pillai et al. (2006b) in Gll.ll-o.lz.dimed behaviour of the density as a function of temperature.

The CHOH spectra also suggest emission from multiple Williams et al. (2005) modelled the dust continuum emission
components for several HMPOs, which can be identified wittowards six of our HMPO sources. We used the total masses
extended bulk emission from the clump; a hot, dense corgiven by Williams et al. (2005) to derive the average densities
and, in some cases, an outflow. The physical parameters of fh@m their analysis at the radii derived from our @BH analysis
clumps, as inferred from our GIOH analysis, are temperaturesand compared the results. Due to an error in the paper, the masse:
in the range 17-36 K, densities betweer1®® and 3<10° cm3,  have to be corrected down by a factor 1000 (Fuller, priv. comm.).
and methanol abundances typical of cold sources {D~°~ Our derived densities are consistent with their values within a
2x1078). On the other hand, the cores show physical conditiofisctor of a few; diferences between the results obtained with the
similar to “hot core” sources near or surrounding high-mass/o methods are expected, as the LVG analysis on@Hi in-
(proto)stellar objects, with densities in excess of t0~3, tem- fers local densities while the modelling of Williams et al. (2005)
peratures between 60 and 300 K, atgh,on higher than 10°.  assumes a spherical geometry. Moreover methanol is sensitive
In several sources of the sample, a jump in the methanol abuo-the dense gas (> 10* cm~3), while the continuum emission
dance from the extended component to the compact is requiffiesim the dust also traces a moréfdse component.

to it the spectra. In Fig. 6a, th | fIRDCs h tematically |
Beuther et al. (2002a) classified all the HMPOs in our sam- N rg. 53, In€ envelopes o > have systematically lower

; : “ (lensity and temperature than HMPOs, while their inner com-
le, with the exception of IRAS 18310, as evolved, “hot core X X .
Pype sources. on Fhe base of detection ofCN and the ex- ponents overlap, partially, with the HMPOs in the temperature-

istence of resolved cm continuum emission. However, thet?gns'ty plane. From our analysis, HMPOs, which still do not

sources show a variety of methanol spectra, which can pro afrrr?glgbggs h‘I(')rtleCt())éi:[ ;n;m”:lzeDigS i\llg(r)\kb ef;ig'ig 1|(I)kevv:1rc])ie
bly be interpreted in the context of a finer evolutionary Scenarig'ethanoll S e.ctrum is ver sir?wilar I% IineW)i/dths 0 G79 ,34P1
Complex spectra (highly excited ground state and torsionally egphd in detpection rate tg the otﬁer IRDC poéitions a's well,
cited lines) are found in sources that are in late evolutionafy "’ o ! , :
stages ant)d already harbour hot cores, as indicated by the i results fit in the picture described by several authors (e.g.,
parameters derived from our analysis. While typical values f enéen et aIH Z%QSH Rathborne et al.f f]‘?or?) that infrared qﬁ_rk
hot cores are-0.1 pc and a few hundred solar masses (Cesar puds are the birth environments of high-mass stars; within

e a, 1994), th hot coe type sources Tound inour study HE°>° COUS, cenie res ke e one e cbsenvedin (s ur
smaller and less massive (Table 6), and are in terms of massg$ L ) .
POs and are in dlierent evolutionary stages, some prior to

and linear sizes, closer to the hot corinos found in low-mass s o
forming regions (Maret et al. 2004; Ceccarelli 2004) than to th e HMPO phase, some already in it.
classical hot cores. Less complex spectra are found in sources inin Fig. 6b the methanol abundances of our sources are stud-
earlier stages of star formation, with gas parameters similarj& as a function of the gas temperature. As for the density,
the ones derived for the IRDC subsample. These conditions &{g,,c, is found to increase with the temperature. This is more
also found in the extended regions around the hot cores of @lear in the HMPO subsample than in the IRDC sources. This
sample. trend can be explained by evaporation of methanol from the

To obtain general statistics for our sample, we analysed theantles of the grains in the high temperature regions. However,
density and the CEDH abundance derived for our sources aso step function predicted by models (van der Tak et al. 1999) is
a function of temperature. Results from previous studies on hiound, butXch,on increases smoothly with the gas temperature.
cores are not included in our comparison; they often make useTfis is probably due to the relatively spatial low resolution of
high excitation CS lines (e.g., Cesaroni et al. 1991; Churchweallr data, and to the model we used for the analysis, more than
et al. 1992; Mangum & Wootten 1993; Olmi & Cesaroni 1999)being a real physicalfgect.
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infrared pumping. Our work confirms the usefulness of methanol
as a tracer of the physical conditions of the gas phase in high-
mass star-forming regions. For the torsional ground state, low
excitation lines, which typically havk < 2 are confirmed to
be density tracers, with almost no dependence on the kinetic
temperature. Higher excitation lines, at (sub)millimetre wave-
lengths, are also sensitive to the kinetic temperature. Transitions
in the first torsionally excited level are not sensitive to the den-
sity, but they are radiatively populated through the FIR field
emitted by the dust. We concluded that in hot cores the kinetic
temperature and the density can be derived only by observations
of thevy = 0 and of thevy = 1 lines. The best candidate for an
estimate of the density in hot cores are the Ol transitions
at submm frequencies, which have higher critical densities than
the mm lines, while the torsionally excited lines are the best tool
to derive the temperature.

However, our study also points out the limitations of the
analysis we used: methanol is likensed: since it emits over
a wide range of physical conditions, it traces verffatent as-
tronomical environments. To really make use of the full potential
of CH3OH as a probe of dense clouds, it is essential to 1) bet-
ter characterise the physical environment where methanol emits
through high spatial resolution observations; 2) properly model
its spectrum including density, temperature distributions, and
different geometries for the source structure.
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Table7. Integrated intensities and rms for methanol transitions. Empty space indicates non-observations, — non-detections. For IRAS 18089-
additional data have been collected in tie-B} and § — 41 2CH;OH bands (338 and 241 GHz) and in ttfe-21? and J% - J°, *3CH;OH bands

(94.4 and 156 GHz). For these observations, the rms is 0.09 K, 0.06 K, 0.02 K, and 0.01 K at 338, 241, 94.4, and 156 GHz respectively
integrated intensities are 7.1 K km'{79 — 69-E), 0.7 Kkm s (1§ — 1°,-3CH;OH-E), and 0.2 Kkm s* (2°, — 1°,-3CH;OH-E).

25 GHz 96 GHz 157 GHz 241.7 GHz 255 GHZH;OH

ms [Tysd®  rms  [Tygd®  rms Twed® rms  [Tysd® rms [ Tusdv®
[K] [Kkms™] [K] [Kkms™] [K] [Kkms™] [K] [Kkms™ [K] [Kkms™]

G11.11-0.12 P1

0.04 4.5 0.02 0.7 0.05 3.8 0.05 -
G19.36-0.07 P1 0.02 0.4 0.04 12.2 0.03 21 0.06 18.9 0.08 -
G28.34+0.06 P1 0.18 0.4 0.04 29 0.02 1.2 0.03 8.6 0.03 -
G33.71-0.01 0.15 - 0.03 8.0 0.02 12 0.04 8.1 0.03 -
G79.340.3P1 0.03 1.3 0.02 0.3 0.03 0.9 0.03 -
IRAS 18089-1732 0.10 1.0 0.10 52 0.05 43 011 134 0.14 15
IRAS 18151-1208 0.13 - 0.03 15 0.02 1.2 0.05 4.7 0.04 -
IRAS 18182-1433 0.04 0.4 0.05 9.9 0.03 53 0.05 18.3 0.05 0.8
IRAS 18264-1152 0.03 0.4 0.04 10.3 0.02 49 0.05 23.6 0.05 -
IRAS 18310-0825 0.05 27 0.02 0.5 0.05 15 0.04 -
IRAS 194106-2336 0.06 03 0.04 4.8 0.02 1.9 0.04 6.5 0.04 -
IRAS 20126-4104 0.03 - 0.03 1.8 0.02 15 0.04 45 0.04 -
IRAS 231395939 0.002 - 0.03 45 0.03 2.3 0.05 8.3 0.04 -

2 Integrated intensity of the,2— 2;-E transition.? Integrated intensity of the_2 — 1 ;-E transition.¢ Integrated intensity of thep2— 2_;-E
transition.? Integrated intensity of the_5 — 4_;-E transition. Integrated intensity of the;8— 8,-A transition of**CHzOH.

Table 8. Integrated intensities of the torsionally excited methanol lines, in IRAS 18089-1732 and IRAS 18182-1433, the only two sources in
sample where the transitions are detected. Empty space indicates non-observations, — indicates non-detections.

5! - 41-A ~2410GHz § — 4L ~2412GHZA 5!, — 4'-A ~ 2414 GHz

IRAS18089-1732 1.3 (rms 0.1 K) 1.17 (rms 0.05 K) 7.03 (rms 0.05 K) 2.21 (rms 0.11 K)
IRAS 18182-1433 -

0.69 (rms 0.05 K)

a Not resolved at the resolution of 1.2 kimt's
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Fig. 7. a)—) lllustrate how excitation by IR vibrational pumping mimics théeet of collisions in populating the = 0 CH;OH levels. In grey,
synthetic spectra are shown for which pure collisional pumpiftl) = 10° cm3, New,on-e = Newgon-a = 107 cmi?, no radiation field) is
populating they = 0 levels and the, = 1 levels; the black line shows the synthetic spectra for the same levels when only the IR radiation field

is pumping the systemn(H;) = 10° cm3, radiation field given by a grey-body @ = 190 K). The synthetic spectra are computed with a
source size of 1, a resolution that can be reached by an interferometer with a baseline of 300 m. While the ground-state spectra are virtually
indistinguishable, the, = 1 spectra show how iffigciently the pure collisional pumping excites the torsionally excited levels.
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Fig. 9. Spectra toward G11.11P1 taken with the IRAM 30 m telescope. The 1 mm and 2 mm data are smoothed to the resolution of the 3 mm

spectrag). All observed lines are labelled. The synthetic spectra resulting from the fit are overlaid in black.



S. Leurini et al.: Methanol as a diagnostic tool of interstellar cloudsQline Material p 6

| [E (= 5] ]
s - e = |
~ | I
L | s B i
9 o «?
2 o | \ 7
L I ) i
| |
— E | 1
Z I | I ]
o | '
= = ] 4
= ! !
1= ! 1 -
L : | i
|
L I i
i
L X i
|
L ] i
0 Y,
L . | . . | . . | . I
9.673 10* 9.674 10* 9.675 10* 9.676 10*
Rest Frequency (MHz)
(a)
1
[ m =) = ) 7
| | | 11
T T T o 1
© 0 < N
F ‘Q IO IO lgo B
© © < N
! 1
r : : ! 1 1
— | N ! i
X 05 ! i ! i B
= | X | 11
o | ) ! i
e [ i | | il
I
Lo | | i
| i |
! !
L i
|
7ﬂ ﬂ ﬂ 7
0
. . | . . . . | . . . .
1571 10° 1572 10° 1573 10°
Rest Frequency (MHz)
(b)
R R T A s T S S
5 N 3] <m @ | M m
L I, RN Lol I8
F < <+ 7w < < '
| | oo 11 <
r o - | -m o | - © | ]
F 0 oy 0o o9 00 T
| \ 10 e Do e |
| |
2L : : | : : :| : [ : -
o) L [ ol o b i i
= ! [ N b 1
@ r I | A : (I N 1
= L | | o b 1 1
& \ Pl b b I
L \ - N 1o | i
1+ Pl o bt I
i P AR b I
r 1! o b | 1
L ol o [ ) J
L ! } 1! ': : : : } |
! P I
L c oo ﬂ 1
o FRRT YL
C L T B L P B L]
5 5 5 S5 S5
2417 10 2.4175 10 2.418 10 2.4185 10 2.419 10
Rest Frequency (MHz)

(©
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spectrag). All observed lines are labelled. The synthetic spectra resulting from the fit are overlaid in black.
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